Population dynamics of phytophagous and phytoseiid mites in a newly planted apple orchard were investigated for the consecutive 5 years just after the stop of insecticide applications, to verify the effect of the phytoseiids on the dominance and density of phytophagous mite species. Phytoseiid mites were typically most abundant in autumn from 2005 to 2008, except in 2009 when there were two marked peaks. Although 10 phytoseiid mite species were collected over the five-year study period, species abundance and composition changed gradually over time. The phytophagous mites were most abundant in the autumn of 2005, but the timing of peak occurrence and density changed as the study progressed. Changes in the abundance and species composition of the phytoseiid mite communities, Tetranychus urticae abundance was not suppressed by the phytoseiid mites. Although Panonychus ulmi was suppressed to insecticide application, P. ulmi may affect T. urticae abundance under a no-insecticide regime. Finally, T. urticae disappeared and P. ulmi and Aculus schlechtendali decreased in abundance. Although not marked, Typhlodromus vulgaris played a key role in affecting the stability of mite communities in apple orchards when no insecticides were applied.
INTRODUCTION
Two-spotted spider mite, Tetranychus urticae Koch, has been a dominant phytophagous mite species in Japanese apple orchards since the 1980s (Narita and Takahashi, 1981) . This increase in the prevalence of T. urticae has occurred in response to heavy insecticide application (Hirose et al., 1973) , which has been necessary to reduce infestation by pests such as the peach fruit moth, Carposina sasakii Matsumura. While phytoseiid mite, Neoseiulus womersleyi (Shicha), generally become more abundant immediately after the outbreaks of T. urticae, such increases in population numbers are usually not sufficient numbers to control the population of T. urticae (Sasaki and Sato, 1997) . Consequently, in order to identify potentially effective predators of T. urticae, we investigated mite occurrence in and around apple orchards. Previous studies on the orchard, in which insecticides and acaricides had not been applied for more than ten years, revealed that the orchard supported populations of Typhlodromus vulgaris Ehara, N. womersleyi and Amblyseius tsugawai Ehara (Toyoshina, 2003) . Interestingly, however, despite the occurrence of these phytoseiid species, the phytophagous mite Panonychus ulmi (Koch) was usually dominant (Toyoshima, 2003) . The dominance of P. ulmi was not explained by the occurrence of those phytoseiid species. This dominance of P. ulmi was considered to be due to the population densities of N. womersleyi were typically being insufficient to suppress the T. urticae populations, and T. vulgaris and A. tsugawai do not predate on T. urticae (Toyoshima, 2003; Toyoshima and Amano, 2006) .
These previous studies also collected 18 species of phytoseiid mites from 18 plant species in the natural vegetation around the apple orchard, and phytophagous mites were scarce (Toyoshima and Amano, 2006; Toyoshima et al., 2008) . Since phytoseiid mites have been reported to migrate aerially from uncultivated areas into orchards and vineyards (Hoy, 1982; Tixier et al., 1998; Tixier et al., 2000) , it is possible that several species of mites may have migrated from the natural vegetation surrounding the orchard into the orchard itself. However, only N. womersleyi and T. vulgaris became established in the orchard, and A. tsugawai was only collected in one of three years, and even then they only accounted for 0.3% of the total phytoseiid mite diversity in that year.
In biological mite control, a greater diversity of phytoseiid mites appears to suppress spider mite populations as well as promoting the establishment of a stable mite community in orchards. Consequently, the species diversity and abundance of phytoseiid mites in and around fruit orchards and vineyards has been investigated for the purposes of biological control (e.g., Barbar et al., 2006; Kaźmierczak and Lewandowski, 2006; Mailloux et al., 2010) . However, these studies only showed that phytoseiid species diversity was a consequence of succession, and did not examine the relationship between phytoseiid species diversity and phytophagous mite populations. In order to better understand the mechanisms underlying the succession of the dominant species from T. urticae to P. ulmi in the unsprayed apple orchard, the influence of phytoseiid mite diversity on phytophagous mite populations should be investigated.
This study therefore conducted a faunistic survey in a newly planted apple orchard in which no insecticides or acaricides were applied for a period of five consecutive years; however, the orchard had previously been managed using insecticides, acaricides and fungicides for two years. The dynamics of phytophagous and phytoseiid mite populations in the orchard was examined in detail to investigate the timing of the succession of phytophagous mites. The effect of phytoseiid mite community on the phytophagous mites in the apple orchard was analyzed to estimate replacement from T. urticae to P. ulmi. In addition, the potential to establish a stable community of phytophagous and phytoseiid mites in the apple orchards are discussed.
MATERIALS AND METHODS
Field experiments were conducted to examine the effect of terminating insecticide application in a newly planted plot in the Apple Research Station, National Institute of Fruit Tree Science in Japan (lat. 39°76"N; long. 141°13"E). The experimental plot was located adjacent to natural vegetation, hereafter referred to as the uncultivated area, which was 10 m away from the nearest edge of the experimental area, and in which phytoseiid mites were investigated previously (Toyoshima et al., 2008) . In 2003, 60 plantlets without branches (cv. 'Fuji'; age 1 yr; height 1.5 m) were planted at a conventional density in the experimental plot (3 m between trees in a row×4 m between rows). By the end of 2004, several shoots and leaves had sprouted normally from the stems, which had reached a height of 2.5 m and a thickness of 5 cm. Blossom and immature fruits were removed during spring of 2004 and 2005, the stem was cut to maintain a height of 2.5 m, and the branches were pruned each winter. Since the ground cover was mowed three or four times during the fruiting season, Trifolium repens L., Taraxacum offi cinale L. and gramineous weeds were usually dominant in the orchard (Toyoshima and Takanashi, 2007) . Pesticides, which included insecticides, acaricides, and fungicides, were applied according to standard procedures to suppress the numbers of pest insects and mites, and pathogens on the plantlets in 2003 and 2004 . In order to avoid damaging the plantlets in 2003 and 2004, leaves were not collected for observation in the laboratory; rather, mites on the leaves were observed in the field with a magnifying glass (20×) to confi rm whether they were tetranychid or phytoseiid species.
Mating disruption was also employed to control five moth species, and fungicides were applied according to standard procedures, however, the application of insecticides (excluding acaricides) had been omitted in the block from 2005 to 2009. Each year, three trees were selected for careful observation in the laboratory, and 20 leaves on each tree were sampled weekly to estimate the population density of each mite species. Leaf-sampling started at the beginning of the blooming period and fi nished when half of the leaves had fallen in each year. Phytophagous mites on the leaves were identifi ed and counted under a binocular microscope. Phytoseiid mites were mounted in Hoyer's medium and identifi ed to species under a phase contrast microscope.
Peak densities of phytophagous and phytoseiid mites were calculated using three replicate trees, and mean mite abundance in each year was represented as the mean of the density obtained on each sampling date. The mean density was compared under the same phenological situation although the number of sample dates differed among years. The peak and mean densities were statistically analyzed using JMP 8.0.1 (SAS Institute Inc. Cary, NC). Simpson's and ShannonWiener's indices of species density were calculated by the following equations: Simpson's index, D=1 Σp i 2 ; Shannon-Wiener's index, H'= Σp i lnp i , where p i is the proportion for the ith species (Miyashita and Noda, 2003) .
RESULTS
In 2003 and 2004, T. urticae was rarely observed on apple trees in the beginning of July, and the species disappeared in summer after the application of acaricide. No T. urticae outbreaks were observed in autumn, and no P. ulmi, Aculus schlechtendali (Nalepa) or phytoseiid mites were observed after cursory surveys with a magnifying glass in the orchard. However, from 2005, all of these mites were observed when more meticulous observations were conducted in the laboratory. Figure 1 shows the seasonal dynamics of phytophagous and phytoseiid mites in the apple orchard from 2005 to 2009 when insecticide application had been terminated. The peak and mean densities of phytophagous and phytoseiid mite populations shown in Fig. 1 are numerically described in Table 1 .
Although phytoseiid mites were most frequently observed in autumn from 2005 to 2008, two marked peaks in abundance were observed in 2009 (Fig. 1) . The peak densities of the phytoseiid mites differed over a five-year period (2005 2009) (Kruskal-Wallis's test, p=0.047), with the peak phytoseiid density in 2009 appearing larger than that in the previous four years (Fig. 1) Ten species of phytoseiid mites were collected in the orchard for the fi ve years after insecticide application was terminated; however, the dominant species and species composition in each year was different (Table 2) The peak density was the number of adult females per leaf at the peak of occurrence. The mean density was calculated with the density of each sampling date as a replicate (mean SE). The number in the parentheses was replicates. The mean densities in each mites were compared among 5 years by Tukey-Kramer s HSD test at p=0.05, and the densities with different letters were statistical different. The mean density was calculated with the density of each sampling date as a replicate.
The mean density of the P. ulmi population in 2009 was similar to that in 2005, except that occurrence peaked in spring whereas in 2005 the peak was in autumn. Although no signifi cant differences were observed in the peak densities of A. schlechtendali over the five-year period of the study (Kruskal-Wallis's test, p=0.13), the timing of A. schlechtendali occurrence changed markedly during this period. In 2005, A. schlechtendali was not observed in spring and summer, but relatively high densities were observed in autumn. In contrast, A. schlechtendali occurred from spring to autumn in 2006, with a relatively high density observed in July. In the latter three years of the study, the mean density was less than they were in the fi rst two years of the experiment (Table 1) .
DISCUSSION
Elton's hypothesis that the more diverse an ecosystem is, the more stable it is (Elton, 1927) , has interested ecologists for a long period of time. However, the theoretical data collected to date has been contradictory, empirical results have been inconsistent, and the theoreticians and empiricists have often disagreed (Ives and Carpenter, 2007) . To avoid such disagreements, stability must be strictly defi ned if it is to be considered when clarifying the diversity-stability relationship (Ives and Carpenter, 2007) . A stable mite community is not considered to be one that exhibits periodic fluctuations, but rather as one that exhibits low-amplitude fluctuations. In order to confirm whether the diverse populations of phytoseiid mites establish a stable community of phytophagous and predatory mites, interactions between phytophagous and phytoseiid mites in an apple orchard were investigated over a fi ve-year period after insecticide application had been terminated.
In the fi rst year, because T. urticae was dominant immediately before starting the experiment, this species was the fi rst to become established. The subsequent appearance of the predatory N. womersleyi in October 2005, likely occurred in response to the abundance of T. urticae; the diet of N. womersleyi is restricted to Tetranychus species (Hamamura, 1986) . However, in the absence of heavy predation by N. womersleyi, the abundance of T. urticae increased from 0 to 11 mites per leaf in September. The phytophagous mites, P. ulmi and A. schlechtendali, also appeared at low densities in summer and September and October, respectively. Similar successional dynamics among mites have been reported in other Japanese apple orchards in which conventional pesticides have been applied (Funayama and Takahashi, 1992) .
The abundance of P. ulmi and the timing of occurrence of A. schlechtendali changed in the second year, and the abundance of T. urticae changed in the third year. Since no insect predators were observed in the fi rst year, the observed decline in the T. urticae population in the fi rst year was not caused by predation. The effect of ground cover on the T. urticae population was considered to be negligible because seasonal fluctuations in the ground cover of unsprayed orchards were similar to changes in the ground cover observed in sprayed orchards where T. urticae occurred. Rather, the decrease in T. urticae abundance may have arisen through interactions with P. ulmi, even though P. ulmi has been demonstrated to be a competitively inferior species to T. urticae in manipulation experiments conducted in an apple orchard (Foott, 1963; Osakabe et al., 2006) . Factors and mechanisms responsible for the exchange from T. urticae to P. ulmi were not clarifi ed in this study.
In addition to the successional changes observed among phytophagous mites on apple trees, phytoseiid mites gradually increased in abundance and diversity until the fourth year. Indeed, it is possible that the phytoseiid mites may have played a role in suppressing the phytophagous mite population. By the fourth year of the study, T. urticae had disappeared and P. ulmi and A. schlechtendali decreased in abundance. By the fifth year of the study, the abundance of the phytoseiid mite community had increased but their species diversity had decreased. The successional dynamics of mites in the fi fth year of this study were similar to those in an apple orchard in which insecticide had not been applied for more than 10 years (Toyoshima, 2003) . In other words, in the absence of insecticide application, the mite community of the apple orchard investigated in this study had achieved a stable state after fi ve years.
The decrease observed in the species richness of phytoseiid mites in this study the species diversity in the fi fth year was lower than that in the fourth year was an important fi nding of this study. In the fourth year,the seven phytoseiid mite species that occurred in the apple orchard were also observed on wild plants in the vicinity of the apple orchard (Toyoshima and Amano, 2006; Toyoshima et al., 2008) . While the rate of migration into orchards has been reported to be dependent upon species present on wild plants, the establishment of mite populations within orchards is not dependent on the surrounding natural vegetation . The establishment of phytoseiid population on apple trees in this study was dependent upon the feeding preferences to phytophagous mites on apple trees, the interaction among phytoseiid species, and the sensitivities of the mites to fungicides. T. vulgaris prefers feeding eryophyid mites (Kawashima and Amano, 2004 ). In addition, T. vulgaris develops faster on apple trees (Funayama and Takahashi, 1993) . Thus, since T. vulgaris was dominant in the fourth year of this study, it is possible that the population dynamics of the fi ve phytoseiid species may have been disrupted by T. vulgaris population in the fi fth year. On the other hand, it was not clarifi ed why E. finlandicus was suppressed its population growth on apple trees in this study, although E. fi nlandicus also prefers feeding on eryophyid mites and be abundant on the wild plants.
Fungicide application is likely to be an important factor affecting both the dominance of T. vulgaris and the limited abundance of other phytoseiid species in the orchard. T. vulgaris has been observed to be the dominant species in a pear orchard without insecticide application (fungicides were applied), but this species was not observed in a pear orchard in which pesticide has been applied (Kishimoto, 2002) . Unfortunately, we were unable to determine whether T. vulgaris disappeared in an apple orchard without fungicide being applied as almost all of the leaves of the apple trees fell off in response to infestation by pathogenic fungi. In addition, insect predators can also suppress phytophagous mite populations (Kishimoto, 2002) . Although the population density of insect predators was not investigated in this study, in 2006, Orius minutus, Stethorus japonicus, Oligota spp. and Chrysoperla carnea were observed on leaves on which P. ulmi were abundant.
In conclusion, the population density of phytophagous mites in the apple orchard was infl uenced not only by phytoseiid mites but also by the interaction between T. urticae and P. ulmi. Since insecticides were not applied to the orchard, the populations of T. urticae in the apple orchard are likely to have disappeared due to the occurrence of P. ulmi. The interaction between P. ulmi and T. urticae in the field should be investigated because previous experiments have shown the opposite situation, T. urticae had been superior species to P. ulmi (Foott, 1963; Osakabe et al., 2006) . In this study, although the P. ulmi population was influenced by the occurrence of T. vulgaris, the predation of P. ulmi by T. vulgaris was insuffi cient to prevent P. ulmi from becoming abundant (Toyoshima, 2003) . The T. vulgaris population was maintained by A. schlechtendali as a prey (Funayama and Takahashi, 1993) , and may suppress P. ulmi population at lower densities in advance of the growth of P. ulmi population. Despite migrating aerially from natural vegetation adjacent to the apple orchard, several of the phytoseiid species that migrated in this way were interfered their population development with T. vulgaris in the apple orchard with fungicide applications. However, as shown in the consequent situation of this study, T. vulgaris plays a key role in maintaining the stability of mite populations in apple orchards in which insecticides are not applied.
